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Abstract  
In order to study the relationship between ultrasonic parameters and material properties in 
cement-based materials, attenuation measurements of ultrasonic Rayleigh waves have been 
performed using a pair of air-coupled transducers. Not only does measured attenuation 
display a considerable spatial dispersion, but attenuation is underestimated since several 
measurements yield non-physical, negative values. A possible explanation for this bias is the 
effect of geometrical diffraction in the near-field of the transducers. In this paper, this 
hypothesis is tested. The amplitude decay of transmitted Rayleigh waves is measured both in 
mortar specimens and in a reference, lossless material. The curves obtained from the 
reference material are used to compensate for geometrical diffraction and allow to recover in 
most cases positive attenuation values.       
Résumé 
Afin d’étudier les corrélations entre les paramètres ultrasonores et les propriétés des 
matériaux cimentaires, des mesures de l’atténuation des ondes de Rayleigh ont été effectuées 
à l’aide d’un dispositif sans contact. Non seulement l’atténuation ainsi mesurée présente une 
variance spatiale considérable, mais elle est largement sous-estimée puisque plusieurs tests 
donnent des valeurs d’atténuation négatives. L’hypothèse est que cette erreur est liée à la 
diffraction dans le champ proche des transducteurs. Dans cet article, cette hypothèse est 
évaluée en mesurant la décroissance d’amplitude de l’onde de Rayleigh dans des échantillons 
de mortier, d’une part, et dans un matériau de référence supposé sans pertes, d’autre part. Les 
courbes obtenues pour le matériau de référence sont exploitées pour compenser l’effet de 
diffraction et permettent de retrouver dans la plupart des cas des valeurs d’atténuation 
positives.    
Keywords  
Non-contact ultrasound, cement, mortar, attenuation, diffraction. 
1  Introduction  
Steel reinforced concrete is naturally subjected to a variety of ageing processes, inducing a 
reduced durability as compared to other geomaterials. Deterioration of concrete is generally 
caused by penetration of aggressive agents - sulfates, nitrates, chlorides, water, frost, CO2 - 
into the concrete interior. The kinetics of reaction of concrete with those agents, hence its 
durability, is essentially determined by the transfer properties of the cover, i.e. its porosity, 
permeability and diffusivity within the first few centimeters below the surface of the 
structure [1]. Ultrasonic Rayleigh waves (RW) are well suited to inspect concrete cover, as 
they propagate at a depth of a few centimeters for frequencies in the hundreds of kHz range 
[2]. Repeatable coupling has been achieved and measurement biases reduced using non-
contact ultrasonic transducer. RW velocity and attenuation are estimated from the time of 
arrival and amplitude of the signals received at an increasing distance from the transmitter.  
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Whereas velocity in a homogeneous, lossless medium is simply related to elastic constants, 
the relationship between attenuation and material properties is not well known. Attenuation 
measures both material losses and scattering. In cement-based materials, there is a general 
agreement that scattering by aggregates, cracks and pores is the dominant source of 
attenuation at ultrasonic frequencies [3],[4].  
In this paper, attenuation of Rayleigh waves is measured in mortar specimens. Preliminary 
results yield underestimated, negative values. In order to maximize the emitted signal, the 
diameter of the transmitter is unusually large (50 mm). Therefore, measurements are made in 
the near field and negative values of attenuation are attributed to diffraction effects. This 
explanation is tested by measuring the amplitude decay of RW in a reference specimen, a slab 
of Pyrex© glass that is assumed lossless in comparison with mortar. The paper starts with a 
description of the experimental setup. Then, amplitude decay curves are shown for mortar 
and the reference specimen. The curves from the reference specimen are used to compensate 
for diffraction effects and new estimates of attenuation in mortar are obtained.        
 
2  Experimental setup 
2.1 Specimens 
The studied material consists in a series of mortar specimens made of cement CPA 
CEM I 52. 5 and standardized sand with maximum grain size of 2 mm. In order to obtain 
different porosity values, the water/cement ratio (w/c) was varied from 0.3 to 0.6 with a 0.05 
increment. Table 1 gives the compositions of those samples. Specimens were cast into 
500x150x50 mm
3 rectangular slabs. Initially in a fully saturated state, they are dried using a 
moderate oven drying at 60°C until their weight remains constant. The reference material is a 
300x200x50 mm
3 slab of Pyrex© glass (Sovirel S732.01) with a density of 2230 kg/m
3. The 
thickness of the mortar and reference specimens is large enough in comparison to the 
wavelength so that Lamb modes are not excited. 
 
Samples w/c  Cement 
(kg/m
3) 
Sand 
(kg/m
3) 
Water 
(kg/m
3) 
Density 
(kg/m
3) 
M030  0.30  450  1350 135.00 2.29 
M035  0.35 450  1350  157.50  2.26 
M040  0.40 450  1350  180.00  2.24 
M045  0.45 450  1350  202.50  2.21 
M050  0.50 450  1350  225.00  2.18 
M055  0.55 450  1350  247.50  2.17 
M060  0.60 450  1350  270.00  2.10 
Table 1.  Composition and density of mortar specimens 
2.2 Ultrasonic  measurements 
Rayleigh wave velocity is measured using a non-contact automated scanner developed by 
Safinowski et al. [5]. It includes two air-coupled ultrasonic transducers fastened onto a 
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motorized rail. The transmitter, a 200 kHz  ∅ 50 mm piezoelectric transducer 
(Ultran NCG 200), is attached at one end of the rail, while the receiver, a wideband ∅ 10 mm 
capacitive transducer (Microsonics mBAT-1), is moved along the rail. Both transmitter and 
receiver are tilted relative to the specimen normal axis, so as to convert the transmitted 
compression wave in air into a Rayleigh wave in mortar (and vice versa for the receiver). To 
enhance the energy transmitted into the specimen, the transmitter is excited by bursts of a 
frequency modulated harmonic signal (chirp). This signal is frequency modulated around the 
transmitter’s resonant frequency, so the spectrum of the excitation signal efficiently fits the 
transducer’s bandwidth. The received signal is recompressed in time domain by inter-
correlating it with the excitation chirp. The measurement of RW parameters consists in 
recording a set of signals (a profile) as the receiver is moved at a constant step away from the 
transmitter. The step value is set to 1 cm for mortar samples and 0.5 cm for the reference 
sample. The number of signals per profile is about 20. RW pulse velocity is measured from a 
linear correlation of the time-of-flight (TOF) of the received signals (relative to the first one) 
vs. source-to-receiver distance z (Fig. 2.a). Attenuation α at wavelength λ is estimated from 
the decay of the spectrum magnitude A(λ, z) (Fig. 2.b). In the far field – for z much larger 
than Fresnel distance 
λ 4
a
z
2
f = , where a is the transmitter radius – we have : 
 
() ) z exp(
z
K
z , A α λ − =                                                      (1) 
Dividing by A(λ, z0) where z0 is an arbitrary value of distance within the profile, we get : 
() ( ) ( [ 0
0
0 z z exp
z
z
z , A z , A − − = α λ λ ) ]                                     (2) 
The value of α is obtained by a linear regression of  ( ) ( ) ( ) ( ) () 0 0 0 z z z z , A log z z , A log − − = α λ λ  
vs. distance z-z0. In our case,   , so the measurement profile lies within the 
transition between the near and the far field. Thus, Eq. 2 is only approximate and fails to 
describe the amplitude decay in the near field. Let D(ω
mm 60 z f ≈
0, z) the amplitude decay due to 
diffraction only (α=0). For z >> zf,  ( ) z 1 z , D ∝ λ  and the amplitude decay doesn’t 
depend on λ. For an arbitrary value of z, Eq. 2 is rewritten as: 
( )()( ) ( ) [ ] 0 0 corr 0 z z exp z , z , D z , A z , A − − = α λ λ λ                               (3) 
where the amplitude diffraction correction  () ( )
() 0
0 corr z , D
z , D
z , z , D
λ
λ
λ =  is obtained from the 
amplitude decay measured on the reference specimen. Finally, attenuation α is estimated 
from a linear regression of   ()
()()
() 0
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z z
z , z , D
1
z , A
z , A
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⎦
⎤
⎢
⎣
⎡
α
λ λ
λ . 
    
 
   NDTCE’09, Non-Destructive Testing in Civil Engineering   
  Nantes, France, June 30th – July 3rd, 2009   
 
 
(a) 
time (µs)
s
o
u
r
c
e
-
t
o
-
r
e
c
e
i
v
e
r
d
i
s
t
a
n
c
e
 
(
c
m
)
time (µs)
s
o
u
r
c
e
-
t
o
-
r
e
c
e
i
v
e
r
d
i
s
t
a
n
c
e
 
(
c
m
)
 
(b) 
distance (cm)
t
i
m
e
-
o
f
-
f
l
i
g
h
t
(
µ
s
)
distance (cm)
t
i
m
e
-
o
f
-
f
l
i
g
h
t
(
µ
s
)
distance (cm)
t
i
m
e
-
o
f
-
f
l
i
g
h
t
(
µ
s
)
 
(c) 
distance (cm)
r
e
l
a
t
i
v
e
 
a
m
p
l
i
t
u
d
e
distance (cm)
r
e
l
a
t
i
v
e
 
a
m
p
l
i
t
u
d
e
 
Figure 1. Rayleigh wave measurements (a) example of received signals (b) linear fit of 
TOF vs. distance for velocity estimation (c) exponential fit of spectrum 
magnitude vs. distance for attenuation estimation. 
3  Results 
Ultrasonic parameters are obtained by spatially averaging velocity and attenuation 
estimated from five independent measurement profiles. Pulse velocity values measured on the 
seven mortar specimens and the reference specimen are shown in Fig. 2. Porosity increases 
and stiffness decreases with w/c ratio. Thus, an overall decrease of pulse velocity is observed 
with w/c ratio. The higher spatial dispersion observed for the lower w/c ratios (0.3 to 0.5) 
may be caused by cracking induced by the drying process, as the stiffer specimens are more 
prone to thermal cracking. Figure 3 shows the amplitude decay along the measurement 
profile for an mortar with 0.5 w/c ratio and the reference specimen. The “point source” curve 
corresponds to the far-field  z 1 decay in a lossless medium, i.e. Eq. 2 with zero attenuation. 
For both materials, the measured decay is slower than for a point source, hence the apparent 
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negative attenuation obtained from Eq. 2. The amplitude decay for the reference specimen 
(Fig. 3.b) is used to compensate for diffraction effects. Because of the velocity difference 
between mortar and glass, the wavelengths at the same frequency are different. Therefore, the 
amplitude diffraction correction function is extracted at frequency f1 that matches the 
wavelength in both materials, i.e. : 
  0
mortar
ref
0 1 f
c
c
f f > =                                                           (4) 
where f  = 200 kHz corresponds to the peak frequency of the transmitter, c  and c  are 
the
0 mortar ref
 measured velocity in mortar and glass (Fig. 1). Frequency f1 ranges from 217 kHz for 
w/c=0.3 to 311 kHz for w/c=0.6. In Fig. 4.a, corrected and uncorrected attenuation values are 
presented. Diffraction correction leads to increased values. Except for the 0.4 and 0.6 w/c 
ratio, all corrected values are positive. However, diffraction correction does not increase the 
coefficient of determination R
2 of the fit (Fig. 4.b) and thus does not provide a closer 
agreement of measured data with the model (Eq. 2 and 3). This indicates that the error due to 
spatial heterogeneity is in some cases higher than the error due to near field effects. 
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Figure 2. Pulse velocity of mortar and glass specimens; the rightmost bar corresponds to 
the pulse velocity in the glass specimen measured at 200 kHz. Vertical error bars 
correspond to +/- one standard deviation. 
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Figure 3. Amplitude decay of RW signals. (a) for a mortar specimen with 0.5 
water/cement ratio (b) for the reference specimen 
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Figure 4.  Attenuation (a) and coefficient of determination of the model fit (b)  in mortar 
at 200 kHz with and without experimental diffraction correction   
4  Conclusions  
Rayleigh wave parameters are measured in mortar using non-contact ultrasonic 
transducers. Attenuation, an index of material heterogeneity, is estimated from the amplitude 
decay of the amplitude spectrum at a given frequency. Due to the large diameter of the 
transducer, diffraction effects are expected. In order to compensate for these effects, the 
amplitude decay is measured on a reference specimen of Pyrex© , assumed lossless. For most 
specimens, diffraction correction leads to positive attenuation values, but the agreement with 
the model describing the amplitude decay is not improved.  This may be due to material 
heterogeneity, leading to high variance and poor attenuation estimates.  Therefore, the 
number of measurement profiles should be increased. Future research will aim at determining 
the number of profiles required to better fit the theoretical amplitude decay.      
Acknowledgements  
The authors thank graduate student Arkadiusz Kosecki for helping with the experiments. 
References  
1. Baroghel-Bouny, V., Ammouche, A., Hornain, H. (2001) “Cimentitous matrices. Analysis 
of microstructure and transfer properties   (in french)”, Revue Française de Génie 
Civil, 5 (2-3), pp. 149-177. 
2. Krstulovic-Opara, N., Woods, R.D., Al-Shayea (1996) N. “Nondestructive testing of 
concrete structures using the Rayleigh wave dispersion method, ACI Materials Journal”, 
93 (1), pp. 75-86. 
3. Aggelis D. G., Polyzos D., Philippidis T. P. (2005) “Wave dispersion and attenuation in 
fresh mortar : theoretical predictions vs. experimental results”, Journal of the Mechanics 
and Physics of solids, 53, pp. 857-883. 
4. Punurai W., Jarzynski J., Qu J., Kim J-Y., Jacobs L. J., Kurtis K. E. (2007) 
“Characterization of multi-scale porosity in cement paste by advanced ultrasonic 
techniques”, Cement & Concrete Research 37, pp. 38-46. 
5. Safinowski P., Piwakowski B., Balayssac J-P., Goueygou M., Kosecki A. (2007) 
“Concrete NDE using an automated device” Proc. of  Diagnobéton 2007 Symposium, 
Aix-en-Provence, France, May 10-11 2007. 
    
 
 